Light ion inertial fusion experiments require the presence of a moderate density background gas in the transport region to provide charge and current neutralization for a high current density ion beam. In this paper, we investigate the effects of non-thermal particles such as beam ions or non-Maxwellian electron distributions on the ionization dynamics of the background gas. In particular, we focus on the case of Li beams being transported in an argon gas. Non-thermal particles as well as thermal electrons are included in time-dependent collisional-radiative calculations to determine time-dependent atomic level populations and charge state distributions in a beam-produced plasma. We also briefly discuss the effects of beam ions and energetic electrons on the visible and VUV spectral regions. It is found that the mean charge state of the gas, and hence the electron density, is significantly increased by collisions with energetic particles. This higher ionization significantly impacts the VUV spectral region, where numerous resonance lines occur. On the other hand, the visible spectrum tends to be less affected because the closely spaced excited states are populated by lower energy thermal electrons.
Introduction
In light ion beam transport experiments, high energy, high current beam ions ionize a background gas during the transport towards a target. The beam space charge is partly or completely neutralized by the electrons from the gas, and the beam current is partly or completely neutralized by an induced plasma return current.
1 During the breakdown process, energetic electrons are produced from ion impact ionization collisions with gas atoms, knock-on collisions of beam ions with free electrons, and by free electrons being accelerated by electric fields. These non-Maxwellian electrons are predicted to form a hot electron "halo" around the beam, which leads to an increase in plasma conductivity and return current fraction outside the beams; this results in higher net currents inside the beam channel. 2 It is predicted that the thermalization of these energetic electrons through electron-electron and electron-neutral collisions is sufficiently slow that about 1% of the free electrons reside in a high energy tail. Since the evolution of the plasma conductivity is dependent on the ionization state of the gas, an improved understanding of the physics of ion beam transport can be achieved by studying ionization dynamics, or breakdown physics, of the background gas.
In this paper, we consider the case of Li ion beams incident on an Ar gas. Visible spectra resulting from transitions between excited states of Ar II have been measured in PBFA-II gas cell beam transport experiments. 3 These data have been used to infer the temperature of the relatively cold, "thermal" component of the free electron distribution.
The purpose of this current study is to understand the effects of energetic electrons and Li beam ions on the ionization dynamics of these moderate-density Ar plasmas. To do this, we use a time-dependent collisional radiative model which includes collisional excitation and ionization effects due to energetic electrons, Li beam ions, and thermal electrons. The implications for spectroscopic diagnostics are also briefly addressed.
Theoretical Models
In our time-dependent collisional-radiative (CR) model, ionization and excitation populations are computed by solving multilevel atomic rate equations. The population of each atomic level is determined by computing collisional and radiative transition rates between each level. The ionization and recombination processes considered are:
collisional ionization by thermal electrons, Li beam ions and energetic electrons; threebody recombination by thermal electrons; and radiative recombination by thermal and energetic electrons. Three-body recombination by energetic electrons is neglected since energetic particles are less important for the three-body recombination processes. 4 Innershell ionization and autoionization processes are included since energetic particles can induce such processes even in a low electron temperature plasma. The excitation and deexcitation processes considered in our calculations are: collisional excitation and deexcitation by thermal and non-thermal electrons, and spontaneous radiative decay. At present, photoexcitation and photoionization are neglected in our calculations. Although photoionization for the Ar gas cell plasmas discussed here should be unimportant, photoexcitation due to resonant self-absorption could lead to lower effective spontaneous decay rates. This will be explored in future calculations.
The rate coefficients for collisional and radiative processes involving thermal electrons and ion beam particles have been described elsewhere. 5, 6 The energetic electron collisional excitation and ionization rate coefficients are obtained by integrating collisional cross-sections taken from semi-empirical formulae. 7, 8 The form of the energetic electron energy distribution function (which is based on results from particle-in-cell simulations) is assumed to be inversely proportional to electron energy. Particle-in-cell simulations will
give a more detailed form of the energetic electron distribution function for our future study. The total number of energetic electrons is taken to be 1% of thermal electrons.
The non-thermal electron collisional excitation cross-sections and radiative recombination cross-sections are obtained, respectively, from collisional ionization and photoionization cross-sections by reciprocity relations. 9 The corresponding rate coefficients are computed by integrating the cross-sections with the energetic electron energy function. In our timedependent collisional-radiative calculations, 270 atomic levels distributed over 7 ionization stages from Ar I to Ar VII are considered. A configuration averaged atomic model is used in determining populations and charge state distributions. Separate calculations based on a fine-structure atomic model are used to compute spectra. Calculated spectra include contributions from bound-bound, bound-free, and free-free transitions. Opacity effects are included in the spectral calculations. Voigt profiles are used for line profiles.
The plasma and beam conditions used in our calculations are as follows. We assume a constant thermal electron temperature of 3 eV. The 9 MeV Li ion beam current increases linearly with time to 20 kA/cm 2 at 18 ns, and then abruptly falls to zero. The thermal electron density is determined from the effective charge state of the Ar gas, which is updated via the time-dependent collisional-radiative equations. The energetic electron density is assumed to be 1% of the thermal electron density during the beam rise time.
The argon gas has a density of 7 × 10 16 ions/cm 3 (2 torr at room temperature), and at t = 0 the electron density is assumed to be equal to the ion density.
Results
First we investigate the effects of energetic particles on collisional rates. The Figure 2 shows that the relative populations of the two ground states eventually reach a steady-state ratio in which the Ar II is slightly enhanced relative to its LTE value. On the other hand, the relative populations of two excited states, which have a small transition energy, equilibrate very quickly and maintain an LTE ratio. This results from the fact that excitation processes have such a transition energy comparable to or smaller than the electron temperature, and that a detailed balance between collisional processes is established between the two levels in a very short time by thermal electrons.
The equilibration time scale for these excited states is ∼ 10 −11 s.
It should be noted that the energetic particles do not significantly affect the relative populations of the two excited states of a low transition energy. 10 However, the energetic particles do play a significant role in larger ∆E transitions. The fact that energetic particles do not cause the relative populations between two closely spaced excited states to deviate significantly from their LTE value has implications for visible spectral measurements. For and non-thermal electron density reach their peak value, the mean charge state for case A differs from the value for case D by a factor of two. For this particular set of plasma and beam conditions, the energetic electrons are seen to be more effective than the Li beam ions in ionizing the singly ionized argon gas. After the energetic particle pulse is removed at 18 ns, the mean charge state for case A stays near its peak value before going into a recombining stage. The mean charge state for case D, however, continues to increase before reaching its steady state value. These results clearly indicate that energetic particle effects play a key role in affecting the ionization dynamics of these moderate-density transport plasmas.
It is of interest to investigate the implications of the above results for spectral diagnostics. In the VUV region, where resonance lines are prominent, the line spectrum can be very significantly affected by energetic particles. Several VUV lines are identified in Figure 5 as coming from high ionization stages such as Ar III, IV or even V when energetic particles are included in the calculation. In simulations which neglect energetic particles, emission lines from the relatively high ionization stages of Ar are not seen. Thus, either emission or absorption spectroscopic measurements could provide valuable information on the ionization dynamics of these transport plasmas. We are also presently investigating whether EUV and x-ray spectral lines resulting from inner-shell transitions can be used to diagnose energetic particle characteristics. This work will be presented elsewhere.
Summary
Time-dependent collisional-radiative calculations have been performed to investigate the effects of Li beam ions and energetic electrons on the ionization dynamics of light ion beam transport plasmas. We find that energetic particles play a significant role in affecting the ionization dynamics, leading to a higher charge state and a higher electron density in the background plasma. We have also briefly investigated the role of energetic particles in affecting the visible and VUV spectral regions. We find the visible transitions are strongly influenced by thermal electrons, while energetic particles can significantly affect the VUV spectral region.
